INTRODUCTION
The ileS gene encodes isoleucyl-tRNA synthetase (IleRS), an essential enzyme needed for the aminoacylation of isoleucyl tRNA. The 20 aminoacyl-tRNA synthetases (aaRSs) have been divided into two classes based on some conserved amino acid sequences and structural motifs (Webster e t al., 1984; Ludmerer & Schimmel, 1987; Schmidt & Schimmel, 1993; Eriani e t al., 1990; Cusack e t al., 1990; Burbaum & Schimmel, 1991a; Chalker et al., 1994) . IleRS is a class I aaRS enzyme that contains some well-conserved domains contributing to the catalytic core of the enzyme Burbaum & Schimmel, 1991b; Rould e t al., 1989) . A conserved domain, the HIGH tetrapeptide, is located close to the Nterminus. A more conserved domain, KMSKS, is located around 600 amino acids away from the N-terminus (Moras, 1992; Shepard et al., 1992) .
ileS genes have been isolated and completely sequenced from Escherichia coli (Webster et al., 1984) , StapLylococczIs azlreivs (Chalker et al., 1994; Hodgson et al., 1994) , Methanobacterizlm thermoazitotrophiczm (Jenal et al., 1991) , Saccharomyces cerevisiae (Martindale e t al., 1989) and from a protozoan Tetrabymelza thermophila (Csank & Martindale, 1992) . Partial sequences of the same gene from Psezldomonas ftt/orescens (Isaki et al., 1990a) clone containing a complete ileS gene, designated as E8-1 (8.85 kb), was isolated as a false positive clone in screening with a 32P-labelled PCR fragment that was obtained from two degenerate primers designed for the isolation of the dnaA gene.
Restriction mapping and subcloning. The HindIII and EcoRV sites in the C. jejtlni genomic DNA insert in E8-1 were mapped by the partial digestion method (Smith & Birnstiel, 1976) . Three HindIII fragments (2 kb, 0.3 kb and 1 kb) at the 3' end of the E8-1 insert and two EcoRV fragments were subcloned individually into pUC19 and propagated in E. coli DH5a.
Construction of deletion derivatives.
A unidirectional DNA deletion with the Erase-a-Base system was accomplished essentially as described by Henikoff (1984) . The above 2 kb and 1 kb Hind111 subclones were digested with KpnI and Salt to generate a 3' and a 5' overhang, respectively. Approximately 2 pg of the linearized DNA was then digested with exonuclease I11 and S1 nuclease, ligated with T, DNA ligase and then transformed into E. coli DH5a cells to generate the nested deletion clones.
DNA sequencing analysis. Both strands of the ileS gene were sequenced using the dideoxy chain-termination method of Sanger et al. (1977) and the Sequenase Version 2.0 from United States Biochemical.
Primer extension analysis.
A primer extension analysis was performed to locate the transcription start site. RNA was extracted from C.jejuni by the hot phenol method (Aiba et al., 1981) . Oligonucleotide 5' TCAAGTTCCGCTAAATTCG-CCCGC 3' is complementary to the coding strand of ileS and is located at nucleotides 48-71 downstream from ATG, the initiation Met codon of the ileS gene. This oligonucleotide was end-labelled with [y-32P]ATP and polynucleotide kinase.
Labelled oligonucleotide (30 ng) (approximately 1 x lo7 c.p.m.) was mixed with 25 pg total RNA of C. jyijni. The mixture was hybridized and extended as described previously by . For analysis, 4 pl of the newly synthesized DNA (previously suspended in 8 pl formamide loading buffer) was loaded onto a 6 % (w/v) polyacrylamide sequencing gel alongside dideoxy sequencing ladders of the upstream flanking region of the ileS gene.
Analysis of plasmid-encoded protein.
The ileS gene from C. jejzini was expressed in E. coli DR1984 by the maxicell protocol described by Sancar et al. (1979) . E8-1-bearing DR1984 cells were grown in M9 medium plus 1 YO (w/v) Casamino acids and were UV-irradiated at a cell concentration of 2 x 10' ml-' for 30 or 40 s with a 15 W germicidal lamp set at a height of 50 cm. The survival was between to lo-' following a 15 h incubation in M9 medium containing 200 pg D-cycloserine ml-'. Proteins encoded by the plasmid DNA were labelled with
[35S]methionine and resolved by SDS-PAGE (1 YO, w/v, SDS; 6 %, w/v, polyacrylamide) (Laemmli, 1970) and visualized by autoradiography .
IleRS assay. In order to test the function of the IleRS expressed by the ileS gene, recombinant clone E8-1 was transformed into E. coli 331~- (Isaksson et al., 1977) , which is a temperaturesensitive strain due to a mutation of the chromosomal ileS gene (kindly provided by Dr H. C. Wu, Uniformed Service University of the Health Sciences, Bethesda, MD, USA). Both recipient E. coli 331~-and E8-1-bearing 331~-cells were grown in LB medium at 32 OC, 37 OC, 40 "C and 42 "C. Mapping of the ileS gene in the C. jejuni genome. The ileS gene was mapped by Southern hybridization using a "Plabelled 2 kb HindIII fragment of E8-1 as the probe. The C. jtjzini genome was digested with SmaI, SaA and Sac11 and fragments were resolved by PFGE as described by Kim et al. (1992) .
RESULTS

Cloning of the ileS gene
Two 17-mer degenerate primers (GAG/AGAG/ ATTATTACAC/TAC and GTG/ATGATCT/ACG/ TNCCNCC) synthesized on the basis of two conserved motifs of the DnaA protein of eubacteria amplified a 600 bp fragment which was used to screen the pBluescript genomic library of C.jejt/ni. Clone E8-1 was one of the hybridizing clones and has an insert of about 6 kb. The Hind111 and EcoRV sites in the E8-1 insert were mapped. Southern hybridization using the PCR-amplified fragment as a probe localized the hybridizing region to the 3' terminal HindIII fragment of the insert. This region was sequenced and shown to have high homology to the Cterminal IleRS sequence of various organisms as determined in a database search using the Blast program (Altschul e t al., 1990). The complete IleRS coding sequence was shown to be localized to three adjacent Hind111 fragments (2 kb, 0.3 kb and 1 kb).
Nucleotide sequence of the ileS gene
The complete IleRS-coding sequence was determined to show a 2751 nucleotide ORF which encodes a 917 amino acid protein with a predicted molecular mass of 105399 Da. The N-terminal sequence of the C. j@ni IleRS and its 5'-flanking region are shown in Fig. 1 , where the proposed start codon is indicated. Eleven nucleotides upstream from the start codon, a sequence, AGGTGG, matches five of the six nucleotides of the Shine-Dalgarno sequence.
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The 5' end of the ileS mRNA was located by primer extension at nucleotide 94, residue A in the sequence (see Fig. 1 ). Eleven nucleotides upstream of the transcription start point is a sequence, TAGAAT, which matches five of the six nucleotides of the Pribnow box and 33 nucleotides upstream is a sequence, TAGAAA, which matches four of the six nucleotides of the consensus -35 sequences.
Maxicell analysis
Proteins encoded by the 8.8 kb E8-1 clone were determined using the maxicell system. pBluescript DNA encoded 31 kDa and 28 kDa proteins representing precursor and mature p-lactamase, respectively. An extra polypeptide of 105 kDa was encoded by the E8-1 clone which likely represents the IleRS protein as it conforms to the size predicted from the gene sequence.
Temperature complementation test and enzyme assay
Plasmid E8-1 containing the complete ileS gene was unable to restore growth of E. coli 331~-at 42 "C.
However, the enzyme assay revealed an approximately threefold increase in IleRS activity after E. coli 331~-was transformed with E8-1, The IleRS activities in extracts of E8-1 transformed and nontransformed E. coli 331~-cells were completely inactivated after 5 min incubation at 50 O C (data not shown), suggesting thermal sensitivity of the C. jejzlni TGH9011 IleRS proteins. IleRS thermal sensitivity may have contributed to the failure of complementation of the E. coli temperature sensitive mutant.
Mapping of the ileS gene in C. jejuni genomic DNA
The genomic size of C.jejuni TGH9011 is approximately 1812 kb (Kim e t al., 1993) . The mapping of the ileS gene in the C.jejuni genome showed that the ileS gene probe hybridized to the PFGE SmaI A, SaB A and Sac11 A fragments. Thus, the ileS gene is located in the 1360-1812 kb region of the genomic map of C. jejmi TGH9011 (Fig. 2) .
Comparison of the ileS gene from different organisms
The amino acid sequence encoded by the C.jejzmi ileS gene showed a high level of homology to the ileS gene product of E. coli (Webster et al., 1984; Yu e t al., 1984) , Staph. aweus (Chalker e t al., 1994; Hodgson et al., 1994) , M. thermoautotrophicum Marburg (Jenal e t al., 1991), Sac. cerevisiae (Martindale e t al., 1989) and T. thermophila (Csank & Martindale, 1992) as shown in Fig. 3 .
Two signature sequences, HIGH and KMSKS, of class I aaRS can be seen in Fig. 3 (Webster et al., 1984) and 918 amino acids (Chalker et al., 1994) Despite differences in the size of IleRS enzymes among different species, their sequences show a high degree of homology (Fig. 3) . Multiple alignment analysis of all the IleRS sequences reported so far (Webster e t al., 1984; Chalker e t al., 1994; Hodgson et al., 1994; Jenal et al., 1991 ; Martindale et a!., 1989 ; Csank & Martindale, 1992; Isaki e t al., 1990b ; gene accession number S40549 in GenBank) identified seven conserved motifs. Two domains among the motifs, the 'HIGH' in motif I and 'KMSKS' of motif VII, are conserved in almost all class I aaRSs. Among the four residues HIGH in motif I, only the first histidine and the third glycine were almost invariant and were involved in AT?? binding (Moras, 1992) . Our alignment analysis proved that the H and G 
GLPIEQQVEVKLGEKKK-----SLSXKEIREFCRQHASEFVDIQREEFKNLGI IADWDKPYLTMKF-EFEAAIYRTLCEIAKKGLLCERSKPVFWSWAAK G L P I E Q A L T K K -G V D R K -----~T~~C K E F~Q I E~~~G D~P Y I T L K -P~Q I R I F G~K G L I~G
G L P I E L R V E Q E Y G K P G E -----K P T A A E F R A K C R B Y M T Q V R G L P I E L K V E Q E Y G K P O E -----K F T A A E F R A K C R E Y A A T Q R
G L P I E L K V E Q E Y G K P G E -----K F T A A E F R A K C R E Y A A T Q~~F I~V L G~S H P~~G~~I I~K I I~ G L W E L E V E K K I G I K G K Q D I E -K Y G f E N F I N E C K K S V F N Y E G V P I E H I I D K K~I T O K D D V P -K Y G L E " N E C R S I~A S D W R K T I G R L G R W I D~~Y K~-P S~S T W W A F K Q L H E K G Q~G~P Y S T G L T G L P V E Y E I D K K U 3 I T N R Q E -~G~K~C R S I~Y A Q~S I~R~~~T L D -~~Q G L P I E H K V E G I L G V R S K K D I E D K I G I E E F V R K C R E F~~S Q F Q~D P Y V T F D -PAYMESCWKTLKRAHEXDLLLRDLRVITWCPRCE
*.*.* .
*. * . . .
* * I I I S A L A E A E V E Y Q D K E D Y S I F -~C K -K~S~S A ----V I W T T T P W T L V~Q A I~~-----I~L I F~~S~--SSLAEAEIEYHDKRSASIWDKGV--------VDADAKFIIWTTTPWTIPSNVAITVHPELKYGQ--Y " G E K Y IIAEALSDAVAEALLWDKA SALAEAEVEYYDKTSPSIDVAPQAVDQDWCAKFAVSPISLVIWTTTPWTLPANRAISIAPDFDYALV--QIDGQAVILAKDLVESVMQRIG--VT SALAEAEVgYYDKTSPSIDVAFQAVDQDALKPISLVIWTT-RRGLCLPTAQSLQIS-THRWWQIDGQAVILAKDLVESVMQRIG--VT SALAKRKLSITTKLLRPSTLLS~~~AV~PISLVIWTTTPWTLPANRAISIAPDFDYALV--QIDGQAVILAKDLVESVMQRIG--VT TALSSHWA----------Q o n e J v K D L s A v v l t F Q L T N -S~Y~~P W T L P A S K I --RVENEYYILATDLINSIIT------E TPLW=Q----------Q N Y K D V M P A V T I G F M I I G -Q E K T Q L V A W T T T P W T L P S S L~F~I~~R Y F I L L E S L I K T L Y K K P K --N E msNFETQ----------QNYKEVDDPSLFIAI?KTAE-DPKTKFIAWTTTPWI'LPSNIALVINKDFD~EHYILAECRLPELYKKDK--DG
. *** . . . . .
SGEIQKELNAKBFEKLEAINPL-------NGRKSVLIMGEHVLMDOOSGLVHTAPGHGEDDYYACLKYGI-----~PVDDSGCYDETLRAKRLLPSH
SIKLEKEYTGKELEYWAQHPF-------LDRESLVINGDHVTTDAOTGCVHTAPGHGEDDYIVGQKYEL-----WISPIDDKGVF---------TEEG DYTILGTVKGADVELLRFTHPF-------MGFDVPAILGDHVTLTAPGHGPDDWICQKYGL-----ETANPVGWGTY---------LPGT DYT I LGTVKGADVELLRFTH PF-------M G F D V P A I L G D H V T L D A G n T A P G H G P D D~I~K Y G L -----~~~G W G~---------LPGT D-SRHGKRCGAGAAA--FTHPF-------M G F M l P A I L G D H V T L D A G T T A P G H G P D D~I~K Y O~---------LPGT K Y E I I D T F S G S I N L R l I P --P~S~L~Y Y -~E~S E G~I V H I A P~G~D Y Q L~L -----D F~I T R E G~~---K Y K I V E K I K G S D L V G L K Y E P L F P Y F A E Q F H F T A P R V I S D D~S D S G~I~P~E E~C~I S~~~I D D L G~~-----Y K I L E K F K G S E L V O R E Y E P L F P Y F L S R K Q D G C F R I L A C D ---------E A E I I K T V R G S E L E G L T Y P L D E~~~V I L G D H V T L T E G~T A P G H G P~F E I G~Y G L -----~C P V D~~E D A -------
. . . . * .
* * * ** **. .* are completely conserved in all the IleRSs, including in those from Archea and Eukarya species. Moreover, based on the consensus sequence in class I aaRSs, an 11-mer peptide that ends in HIGH is highly conserved and is considered a ' signature sequence ' for class I aaRSs (Burbaum & Schimmel, 1991b sequence extends to a 14 amino acid highly conserved motif, DGPPYANGHIHIGH (motif I in Fig. 3 ). This motif is involved in the formation of the catalytic core of the enzyme activity . The KMSKS consensus motif serves as another signature sequence of class I aaRS, is perfectly conserved in all the listed IleRS sequences and is required for the binding of tRNA to the enzyme-bound isoleucyl adenylate during aminoacylation (Hountondji e t al., 1990) .
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Approximately 25 amino acids downstream of the HIGH region is another strongly conserved region, motif I1 (Fig.  3) . In this motif, a trimer peptide, GWD, is identical in all the sequences. This short, conserved peptide is believed to be involved in isoleucine binding to the IleRS (Clarke et al., 1988) . (Ghosh et al., 1991; Borgford e t al., 1987; Tzagoloff e t al., 1988) . Motif V contains an Arg at residue 470 of C. jejtlni IleRS; the corresponding residue of MetRS in E. coli is believed to play a critical role in activation of methionine to bind to the enzyme (Ghosh e t al., 1991) . Most of the conserved sequences are located close to the N-terminus, as shown by others (Webster e t al., 1984; Jenal et al., 199 1 ; Martindale e t al., 1989) . However, some conserved sequences are located close to the C-terminus. For instance, a zincfinger-like metal-binding site, C, box in C. jejtlni IleRS, composed of Cysaso-X2-Cys-XI,-Cys-X2-Cysso5 is similar to that of E. coli K12 IleRS in CysSo2-X2-Cys-X-His-X,,-C~S -X , -C~S~~~ and that of Staph. atlretls Oxford IleRS in Cysss7-X2-Cys-X,,-Cys-X2-Cyss10 where X represents various amino acids (Cj, Ec2 and Sal in Fig. 3 ). This C, box is assumed to function in metal binding during tRNA aminoacylation (Miller & Schimmel, 1992) . Another putative consensus at the C-terminus is a single amino acid K which is correspondingly located at amino acid 736 in C.jejmi IleRS, at amino acid 726 in Staph. atlretls IleRS or at amino acid 732 in E. coli IleRS and is believed to interact with tRNA during aminoacylation (Shepard e t al., 1992) . Maxicell analysis and the enzyme assay provided evidence of C.jtjtlni ileS gene expression in E. coli cells. The IleRS activity in E8-1-transformed E. coli 3 3 1~-was three times greater than in nontransformed E. coli 331c-. The ileS gene was mapped to the 1360-1812 kb region of the C.jejuni genome (Fig. 2) . It is noteworthy that unlike E. coli, Enterobacter aerogenes and Psetldomonas fltlarescens (Innis e t al., 1984; Isaki e t al., 1990a, b) , C.jejtlni does not harbour the lsp gene (the gene encoding lipoprotein signal peptidase) immediately downstream of the ileS gene.
